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Abstract

A parameter optimization framework is presented to solve the problem of partitioning a central-
ized controller into a decentralized hierarchical structure suitable for integrated flight/propulsion
control implementation. The controller partitioning problem is briefly discussed and a cost function
to be minimized is formulated, such that the resulting “optimal” partitioned subsystem controllers
will closely match the performance (including robustness) properties of the closed-loop system with
the centralized controller while maintaining the desired controller partitioning structure. The cost
function is written in terms of parameters in a state- space representation of the partitioned sub-
controllers. Analytical expressions are obtained for the gradient of this cost function with respect
to parameters and an optimization algorithm is developed using modern computer-aided control
design and analysis software. The capabilities of the algorithm are demonstrated by application
to partitioned integrated flight/propulsion control design for a modern fighter aircraft in the short
approach to landing task. The partitioning optimization is shown to lead to reduced-order subcon-
trollers that match the closed-loop command tracking and decoupling performance achieved by a
high-order centralized controller.
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INTRODUCTION

Large interconnected systems often exhibit significant coupling between the various subsystems
thus requiring an integrated approach to controller design. Short Take-Off and Landing (STOL)
aircraft are examples of such systems. In STOL aircraft, the forces and moments generated by
the propulsion system provide control and maneuvering capabilities for the aircraft at low speeds
thus creating the need for Integrated Flight/Propulsion Control (IFPC) system design. On the
other hand, there is the need to validate certain subsystem performance and robustness character-
istics independently of the integrated system. This calls for a level of decentralization in control
implementation.

One approach to integrated control design which combines aspects of centralized and decen-
tralized control design approaches is currently being developed at NASA Lewis Research Center
[ 1 ]. This approach consists of first designing a centralized controller, so that all subsystem in-
terconnections are accounted for in the initial design stage, and then partitioning the centralized
controller into separately implementable decentralized subcontrollers for individual subsystems.
By partitioning here is meant representing the hiéh-order centralized controller with two or more
lower order subconrtrrrorllerrrsixravhrich have input/output intrer?rcouplirrlg such that the overall control law
- obtained on assembling the subcontrollers closely approximates the input/output behavior of the

centralized controller.

The objective of the current work is to describe a parameter optimization framework for obtain-
ing partitioned subcontrollers with a decentralized hierarchical control structure. This structure is
state-of-the-art in IFPC implementation and allows for separate implementation of airframe and
propulsion control systems which, when assembled, will meet the overall design criteria for the

integrated airframe/propulsion system.

The paper is organized as follows. The controller partitioning problem with the desired par-
titioning structure is stated first. A criterion for matching the performance of the centralized

controller by partitioned subcontrollers while meeting the constraints on the partitioning structure
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is then described and a “cost function” is related to this criterion. Analytical expressions for the
derivatives of the cost function with respect to the state-space parameters of the partitioned sub-
controllers are developed. A parameter optimization algorithm using these analytic gradients to
minimize the cost is then described. Finally, application of the algorithm to IFPC design using

controller partitioning is discussed for a STOL aircraft in the short approach to landing task.

CONTROLLER PARTITIONING AND RELATED CosT

The decentralized, hierarchical controller partitioning structure is shown in Fig. 1 with ref-
erence to an Integrated Flight/Propulsion Control system. In this figure, the subscripts and su-

perscripts “a” and “e” refer to airframe and propulsion (engine) quantities, respectively, and the

subscript “c” refers to commanded quantities. The interface variables z,, represent propulsion
system quantities that affect the airframe, such as propulsive forces and moments. The structure
is hierarchical in that the airframe (flight) controller produces commands for the interface variable
(Zea, ) which are tracked by the propulsion subsystem. The partitioning shown in Fig. 1 is simpli-
fied in that the controlled output errors and the interface variables z., are assumed to be the only
inputs to the subcontrollers (e.g. there could also be direct feedbacks for stability augmentation).
Another simplification made in the discussion in this paper is that the plant is assumed to have no
direct feedthrough from control inputs, i.e. the plant “D” matrix is zero. These assumptions main-
tain simplicity while conveying the basic idea behind the formulation and solution of the controller
partitioning problem.
The controller partitioning problem can be stated as follows:

Given a centralized controller with transfer matrix K(s) and a specification of the partitioning

structure of controller inputs and outputs, i.e.

u = K(s)e; u = [‘;]ez [Z]

where u, € R¥s, u, € R*:, e, € R™=, and e, € R™¢; a choice of interface variables z., € RP=; a

r—,

plant with transfer matrix G(s) of the form

G(s) = [ 5(8)] with [:] — G(s)u and Ze, = Gu(s)u
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Find subcontrollers with stable transfer matrices K%(s) and K*(s), i.e.

[ u, ] = K%(s)e, and wu(s)= K°(s) [ee(s)] ;

Zea, €e(s)

where €., = Zeg, — Zeg, 50 that the closed-loop performance and robustness with the subcontrollers
closely matches that with the centralized controller within the constraints of the partitioning struc-

ture.

The particular subsystem constraint for IFPC application is that the engine subcontroller K¢(s)
should have the structure of a command tracking controller for the interface variable commands
Ze,- Such a control structure allows the engine manufacturer to evaluate the engine subsystem
performance independently of the airframe control and to verify that the engine subsystem will
provide the desired performance when installed in the airframe. In general there will be practical
constraints on the achievable bandwidth of z,, tracking for the engine subcontroller. The lower
bound on the z,, command tracking bandwidth will be based on achieving the desired performance
for the integrated system, while the upper bound will be imposed by actuator limits and robustness

requirements to high frequency modeling uncertainties.

The approach considered in this paper for solving the controller partitioning problem is that of
optimization of a suitable cost function over the state-space parameters of the partitioned subcon-
trollers using an analytical expression for the gradient of the cost function. Two requirements are
essential for the success of such an optimization approach: (1) an initial choice of parameters (par-
titioned subcontrollers) and (2) a cost function which reflects the essence of the problem statement.
The first requirement is met via a stepwise procedure for determining partitioned subcontrollers
that meet the controller stability and the z., tracking structure and bandwidth requirements, as
described in [ 2 ]. The subcontrollers obtained using this procedure are suitable for initializing the
parameter optimization approach described herein. The cost function for controller partitioning is
chosen to be of the form

J(P) = Jpert(P) + Jirack(P)
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where p is the vector of parameters over which optimization takes place, Jyef(p) reflects the
performance requirements (including robustness) and Jirack (p) reflects the z,, tracking requirement.
The procedure for implementing the subcontroller stability constraint will be discussed later. In
reference [ 3 ], a similar approach to controller partitioning was described; but, in that work, only

the performance cost was used and a different cost function (the A% norm) was used to express it.

The performance cost Jpert(p) is chosen to be
w2
Tt = [ (oK (i) - KTp)i))GlIIW (je))*d 1)

where K (s) is the “equivalent” centralized controller obtained on assembling the partitioned sub-
controllers using appropriate plant information (the procedure for obtaining K (s) will be discussed
later in the paper). The above choice of J,ef(p) corresponds to matching the loop transfer function
matrix at the control inputs, u, during controller partitioning. Since the closed-loop performance
and robustness are strictly a function of the loop transfer characteristics for the feedback struc-
ture being considered here, matching the loop transfer function matrix indirectly represents the
requirement to match the centralized controller performance and robustness with the partitioned
subcontrollers. The frequency band, [wi,w:], is the interval over which a good match between
loop transfer matrices is sought while the frequency dependent weighting matrix, W, allows for
emphasizing certain frequency ranges and directions in obtaining this good approximation. In
particular, choosing W(jw) = (I + K(jw)G(jw))~?, the inverse of the return difference matrix, en-
sures that heavy emphasis will be placed on matching the closed-loop performance and robustness

“ characteristics of the centralized controller by the partitioned controller.

Note that Jyerc(p) is the H? norm of the weighted difference between the loop transfer function
matrices. We might have preferred on theoretical grounds to use the H° norm (cf., [ 5 ]), but this
is numerically difficult to calculate and to differentiate in order to generate the gradient needed in

the optimization process.



The 2z, tracking cost Jiack(p) is chosen to be

hews= [ ¥ Ai(lchient(J'w)"T"(P)(J'w)Hz) . @

IT*cent(jw)ll2

T1

% ot 15 the transfer function vector from the airframe commands z,, to the i*? interface variable

Ze' with the centralized controller. Ti is the transfer function vector from the airframe commands
Z,, to the i*! interface variable as commanded by the partitioned airframe controller, ze, *, with
the partitioned subcontrollers and A; is a scalar weighting. || - || denotes the Euclidean norm
of the row vector. Note that for the partitioned subcontrollers to closely match the performance
achieved with the centralized controller, the response of the interface variables z, to airframe
commands z,, with the partitioned subcontrollers must match the corresponding response with
the centralized controller because the interface variables (e.g., propulsion system generated thrust)
significantly affect the airframe responses z,. Thus requiring T}, to closely match Ti , as reflected
in Jirack(p), will result in partitioned controllers such that Zea,' appears to be a command for
Zeo'. The scalars ); are tuning parameters which allow the control designer to provide relative
weighting for enforcing the command tracking structure among the various elements of z¢,* and for
trading off the performance cost against the cost of enforcing this command tracking structure. It is
conjectured that the scalars A; provide an indirect means for adjusting the z.,' tracking bandwidth
achieved by the optimized engine subcontroller. For instance, choosing A; “large” will cause the
optimization to proceed in a direction such that the z,, — ze,, ' command generated by the airframe
subcontroller “closely” matches the z,, — ze,* response with the centralized controller. This
observation together with the fact that the z,, — 2z.,* response with the partitioned subcontrollers
must closely match the corresponding response with the centralized controller in order to minimize
Jpert(p) implies that the optimized subcontrollers will be such that Ze,' and z.," match very closely.

This in turn implies that the optimized engine subcontroller will be such that the engine subsystem

has “large” tracking bandwidth for the z,,* command.

CosT FUNCTION AND GRADIENT EVALUATION

Cost Function. The parameters in the optimization process are certain entries in state-space
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realizations of K(s) and K°(s) as defined in the following. The notation M}; is used throughout
to indicate the matrix M € {4, B,C,D} in the state-space realization of the system transfer
matrix s € {¢,p,a,e} (¢ =centralized controller, p =plant, a =airframe subcontroller, e =engine

subcontroller) with input 7 (resp. output o) € {p,a,e,ea.,ea}

a . Uq — Cga _ Ae—1lpa D:a
I( (S) ' [sz] B <(C;1cﬂv) (SI A ) Baa+ <Dgaca>> G

I{e(s)l U, = (C:e(sI - Ae)_l(B:ea B:e) +(Dien D:e)) {Zea] '

One consideration in choosing parameterizations is to introduce a “minimal” number of pa-
rameters in the optimization process. A form for the state-space realizations introduced in [ 6 |
was used as the model for our parameterizations. The subcontroller system matrices A® and A°®
are rgpresented as block diagonal matrices with two-by-two real companion blocks of the form
[g é] Note that, if the order of either A* or A is odd, there is also one diagonal real entry
corresponding to a real eigenvalue. In addition, a and 3 are constrained to be negative in order
to meet the requirement that subcontrollers be stable. In addition the first columns of each of
the subcontroller input matrices B?, and B® = [ Bf,, B¢,] are fixed at non-zero values given by
the initial partitioning. This last condition is different from the one used in [ 6 | where the first
column of the B matrix was fixed as the unit vector e;. The initial partitioning for the numerical
example considered in this paper could not be put into this latter form necessitating the use of the
alternative form. This alternate form is discussed in reference [ 4 |.

The parameters over which the optimization takes place are then the a and 3 entries in the
block canonical forms, the entries in all but the first columns of the matrices Bj, and B® and all
the entries in the matrices [C%:‘a], Ce., [DI?;E:B

denoted as p € RN where N = ng(ks + Mo+ Pea) + ka(Ma + Pea ) + Re(ke + Me 4 Pea) + (ke + Pea ) e

a

] and [ D¢, D¢, ]. The parameter vector will be

The number of parameters depends not only on the total numbers of controller inputs and outputs
and interface variables which are fixed but also on the orders of the subcontrollers, n, and n..
There is thus a double incentive for keeping these orders low; not only to reduce the complexities

of the subcontrollers but also to accelerate the optimization algorithm whose performance depends
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on the number of parameters.
G(s)

State-space representations for the transfer matrices K(s) and 6(\3) = [ G (s)] are given
ea

while those for K (8), Tcent(s) and f(s) are constructed from the state-space representations of
K(s), K°(s), K¢(s), Gea(s) and G(s).

The transfer matrix K(s) which enters into the performance cost term Jpei(p) depends on
K°(s) and K*(s), and on the transfer submatrix of the plant from control inputs (u) to interface
variables (Zes), Gea @ Zea = Chp(sl — A”)'1 [B;’a B;,’e] [3“] A state-space realization for the

assembled controller f{(s) = 5(3[ - Z)_lﬁ + D was shown in [ 3 | to be

_ [(A?=BP.D¢,CLy) (BRCoa+ BReDeCesa) BieCee
A= 0 A® 0
-B:, CP B:, CS A€

L eea ™ eap eea“ex.a

~ -(BgaDga'{_BgeDgeaD:aca) BgeDge

B= a 0
L B:eaDgaca Bge

~ 0 ca, 0

¢= L _Deeeacgap D:eacgaca C’:e ] and

~ Dz, 0

D= peaDs.. o)

The state-space representation for Tyen(s) = C™(sI — A®™)~1 Beent 4+ D" whose rows enter
into the evaluation of the cost term Jirack(p) can be written in terms of the submatrices in the

state-space representations for K'(s) and G(s), i.e. K(s) = [g‘;c] (sI — A%~ [BS, BS]+ [g%"]

and G(s) = [g‘gp] (sI — AP)71 [BE, BE,]. As is shown in [4],
ep

Acent _ [ A¢ (_Bgacgp B Bgecg}’ ]

(Bgacgc + Bgecgc) AP - BgaDZaCtzz)p - B;z;eDgecgp

Bcent - [BPB%C ] Ccent — [0 Cgap] Dcent — 0
pa—~aa

Similarly, f(s) = 6’(3[ - A\)‘IE + D whose rows also appear in Jirack(P) can be written in
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terms of the state-space representations for K%(s), K*(s) and G(s)

o A° 0 -BCE
A= B:eacgaca A* AGP
- APG B;’:ecge APP
[ B;,
B= B, D%,
| (B3, D3, + BE.Dew Do, o)

G=[Ct 0 —(D&.,CP)] and D=Dg,

-~

where Ay = —(BE,CE, + BuCliy + BemD.oCh), Apa = (BE.Cla + BED2,Cl o) and App =
(AP — B2,DS,C8, — B2, D%, D% ,CE, — BE.D%,,CL, — BE.DZCE,).

The total cost function is calculated by applying Simpson’s Rule for numerical integration over
the frequency interval [w1,w:] to the sum of the two terms Jyert(p) and Jirack(p) described in for-
mulas (1) and (2) respectively. The expressions developed above for the state-space representations
of K(.s),I:’(s),Tcem(s) and f(s) are used for calculating these costs. Note that A; in Jirack(P) are
to be chosen independently by the control designer to achieve the desired tracking bandwidth for

Zeg'.

Analytic Gradient Development. In addition to requiring the values of the “combined cost
function,” J(p), the optimization method which is used requires the gradient VJ(p) which, for any
specific parameter vector p, is a vector with N entries consisting of the partial derivatives of J with
respect to each parameter. The calculation of these partial derivatives for the Jpert(p) portion of
the cost function is illustrated in the following. A similar procedure is used to calculate the partial

derivatives of Jmck(p). Complete expressions for the partial derivatives are available in [ 4 ].

A formula for the partial derivatives of distinct non-zero singular values, o;[A], with respect to

an element p of the parameter vector p which can be found in reference [7]is

dai[A(p)] _ L0A(p)
—'—6p—'— = RE{U, —-———-—ap ,]

where u; and v; are right and left normalized singular vectors of A and where the superscript *

denotes the conjugate transpose.



For any specific parameter p (i.e. component of p), the partial derivative of J,es(p) with

respect to p may be expressed as

9 T o;[H(w, 2dw
R ®
ap op

- [ e 2

where H(w,p) = (K (jw) — K(p)(jw))G(jw)W (jw).

The partial derivatives of H(w,p) with respect to each of the parameters p of p are derived
by noting that the only terms involving p in H(w,p) arise from the f((p)(jw) factor. Using the
“product rule” to differentiate the state space representation, K (p)(jw) = C(jwI — A)~'B + D,

and then multiplying from the right by G(jw)W (jw) yields

BHg;, P) - _8%(pp)(jw1 - Z)"IEG(Jw)W(JW)

- &Gt - &) 2P ot - (p)) B ()

-é(jwf—ﬁ)-‘aB(")G( W) - 2@ iy iin). (@)

ap

Substituting (4) in (3) yields an expression for %(m
The final step needed to carry out the determination of the gradient of Jyer is to calculate

the partial derivatives of A, B, C, and D with tespect to the parameters which appear in these

matrices via the subcontroller state-space matrices
Me {Aa aa’Cza7C;1 a’ GG’D:I a’Ae Bze’ EEG’CECE’ Dze}

as described earlier. Each parameter p corresponds to a specific row and column element of some
parameter submatrix, say the element in row j, column k of submatrix M. Any block of X, B, etc.

not containing M as a factor will be replaced by a zero block in the calculation of the corresponding
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A 0B ,
partials —, ——, etc. On the other hand, any block containing M as a factor contributes the same

dp’ 9p
block with the factor M replaced by the submatrix e_,'ekT, which has the 7, k*P- entry as its only

nonzero element. Here e; is the vector whose 7*1 element is 1 and all other elements are zero. For

example if p corresponds to the row j, column k entry of A, then

ap 0 ........ 0 0
while %—f, % and %l:- are all 0. If p corresponds to the row j, column k entry of Dg,, then
T —~BPeje, C? BPeje; Cl 0
aA(p) pe 6 k pe®J 8 ea.a
9 0 0 0
5 ~ ~
with expressions for 9 (p), BC(p), and 9D(p) derived in a similar manner. Here the 0 entries

dp dp

refer to zero blocks. These two examples demonstrate extremes of complexity in the calculation of
the various partials of the state space matrices for K (s). Once these partials have been determined
with respect to all parameters in p, the resulting matrices can be inserted into the formula for the
partials of Jperr described earlier and the gradient can be calculated by applying Simpson’s Rule of
numerical integration over the same frequency interval as was used for evaluating Jpert(P)-

The partial derivatives of Jirack are computed by a similar procedure and these are combined

with the partials of Joert(p) to yield VJ(p) = Vpert(p) + Vdirack(P)-

THE OPTIMIZATION ALGORITHM

The flow of the optimization algorithm for controller partitioning is shown in Fig. 2.

The fixed data used by the algorithm are state-space representations for the plant submatrices
G(s) and Ge,(s), the centralized controller K(s), the weighting matrix W(s), as well as a parti-
tioning structure for the controller inputs, outputs and interface variables. The control designer
must also input values of the tracking weight parameters A; used to determine Jicack(P). The main

steps in the algorithm are:
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. The initial partitioning (K§(s) and K§(s)) is obtained by applying the stepwise procedure
described in [ 2 ]. Special attention is paid to obtaining reasonably low-order subcontrollers

which are stable and satisfy the z,, command-tracking requirement.

. The initial partitioning is converted to the “minimal parameter” form to generate an initial

value of the parameter vector.

. The (initial as well as any subsequent value of the) parameter vector is passed to a module
which determines the state-space representation for the hierarchically partitioned controller
and calculates the combined cost. The gradient is also computed analytically by the procedure

described above.

. The current gradient is used in conjunction with previous information to generate a direction
of search. A one-dimensional linesearch is carried out using the cost and gradient calculated
at each parameter point to predict a new parameter point until one is found which yields a
sufficient reduction in both the cost function and the size of the gradient. This linesearch is

constrained so as to maintain stability of the subcontrollers.

. At the end of the linesearch, the new parameter point, cost and gradient are compared to the
values at the beginning of the linesearch as a check on convergence. If either the maximum
absolute value of the partial derivatives is less than a user-specified tolerance or both the
maximum change in all the parameters is less than one user-specified value and the change in
the total cost is less than another value then convergence is declared and the iteration ceases. If
the convergence test fails, the algorithm proceeds to update the information used to determine
the direction of search and to use the most recent cost and gradient values to generate a new

direction of search and carry out the linesearch via steps 3. and 4.

. The output of the algorithm is the state-space representation for subcontrollers which yield the
assembled hierérchically partitioned controller with performance and stability robustness com-
parable (within convergence criteria) to that of the centralized controller and with reasonable
adherence to the z,, command-tracking requirement.
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7. These subcontroller transfer matrices have the same orders n, and n. as the initial partitioning.
Controller reduction can be performed on these “optimal subcontrollers” and the process of

optimization can be repeated on the “new initial partitioning”.

We use the Broyden Fletcher Goldfarb Shanno implementation of the quasi-Newton method
to carry out this optimization, see [ 8 ]. This iterative method requires the calculation of the
combined cost and gradient for parameters as referred to above. It uses successive gradients to
build up an approximation to the inverse Hessian matrix. In this way, subsequent search steps are
successively closer to those generated by Newton’s Method and convergence is accelerated as the
iterations proceed.

The results of applying this process to an IFPC example are reported in the following section.

ExXAMPLE OF CONTROLLER PARTITIONING

The controller partitioning algorithm was applied to the centralized flight /propulsion controller
for a STOL aircraft obtained in reference [ 9 ]. This controller has the form u = K (s)e with the error
vector e consisting of errors, e = [eg, €y, N2, eepr]’ , in following pitch rate variable (¢, = ¢40.16),
velocity (v), engine fan speed (N2) and engine pressure ratio (EPR) commands. The control input
vector u consists of rates of change of thrust vectoring angle, fuel flow, thrust reverser port area
and nozzle throat area, u = [67'~V,WF , A78, A8]. Note that u consists of rates because integrators
were appended to the control inputs during the process of centralized control design to achieve
zero steady-state error for step commands. Based on open loop control effectiveness studies for the
plant, the partitioned airframe and engine controllers are desired to have inputs e, = [eq,ev]T and
e. = [en2,eppr)’ and outputs u, = [6T'v] and“;e = [WF,A78,A8]T respectively. The integrated
plant and the centralized controller state-space matrices are listed in the Appendix. The interface
variable z., for this design example is FEX, the axial thrust generated by the propulsion system,
since the main function of the propulsion system is to provide the necessary axial thrust required
to t:ack pitch rate and velocity commands. The structure of this controller partitioning is shown

in Fig. 3.
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An initial controller partitioning was obtained using the procedure discussed in [ 2 ]. The plant,
centralized controller, and initial partitioning state-space matrices are listed in the Appendix. The
airframe and engine subcontrollers for this initial partitioning are of order 10 and 7, respectively.
The performance of the initial controller partitioning was evaluated in comparison with that of the
centralized controller by comparing closed-loop system response to step commands in the controlled
variables z. The responses to q,., N2. and EPR. with the initial partitioned subcontrollers were
comparable to those with the centralized controller. However, the response to V,, shown in Fig.
4, showed considerable degradation in terms of increased coupling in the N2 and EPR responses
with the partitioned subcontrollers. Note that all the quantities shown in Fig. 4 were normalized,

using scalings discussed in [ 9 |, to allow a direct comparison of the various response magnitudes.

For all the results presented in this paper, the optimization was done over the frequency range
w € [0.1,100] with 20 frequency points per decade. The number of parameters in the optimization
was 95 with 44 corresponding to the airframe subcontroller and 51 corresponding to the engine
subcontroller. The algorithm was first applied with A = 0 (pe, = 1, 50 A; = A), i.e. J(p) = Jperi(P)
with no attention to the z,,, command tracking structure requirement for the engine subcontroller.
As seen from Fig. 5, the optimization code showed good numerical behavior with convergence to
a significantly reduced cost J(p) in 100 iterations. The maximum singular value of the weighted
loop transfer error omax[(K — K)G(I + KG)~!](jw), which is a major contributor to the cost
J(p) in this case, shows a considerable improvement with partitioning optimization as is seen from
match the performance and robustness characteristics of the centralized controller than will the
initial partitioned controllers. The closed-loop response to step V. with the optimized partitioned
controllers is shown in Fig. 4 and is comparable to that for the centralized controller both in terms
of tracking of the velocity command and decoupling of ¢,, N2 and EPR responses. The closed
loop responses with the optimized partitioned controllers for step ¢q,,, N2, and EPR. were also

checked to ensure that these were comparable to the responses with the centralized controller.

Figure 7 shows the Bode gain plots for the interface variable command tracking response
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(|JFEX/FEX_]) for the engine subsystem with the initial partitioning and the optimized partition-
ing obtained using A = 0. The engine subcontroller for this optimized partitioning has a FEX
command tracking bandwidth of approximately 4 rad/s (tracking bandwidth is defined as the fre-
quency at which the Bode gain is —3 dB), which is quite low and implies that the engine subsystem
will not provide adequate tracking of FEX, in the presence of disturbances and low frequency
variations in the engine dynamics. In order to verify command tracking and disturbance rejection
properties of the engine subsystem in independent subsystem check-out, it is desirable to have a
minimum bandwidth of around 10 rad/s for FEX command tracking. Since FEX has significant
control effect on the aircraft responses V and g, such a lower bound on FEX command tracking
is also required to guarantee performance robustness of the integrated system in terms of tracking
and decoupling of responses to V and ¢, commands. As seen from Fig. 7, the initial controller

partitioning satisfies this FEX command tracking bandwidth.

The fact that the optimized partitioning with A = 0 gives performance that is comparable to
the performance achieved with the centralized controller although the optimized engine subcon-
troller has poor FEX command tracking properties can be understood by analysis of the results
shown in Fig. 8. We note that the FEX response to V; with the optimized (A = 0) partitioned
subcontrollers closely matches the corresponding response with the centralized controller. This
result is as expected because FEX significantly affects the V' and ¢, response of the aircraft and
matching the FEX response will be required if the partitioned subcontrollers are to match the
performance achieved with the centralized controller. However, as seen from Fig. 8, the command
for the interface variable FE X, as generated by the partitioned airframe subcontroller significantly
“leads” the actual FEX response. So, the optimized airframe subcontroller compensates for the
low interface variable command tracking bandwidth property of the engine subcontroller by gener-
ating a command for the interface variable which leads the desired interface variable response by an
appropriate amount. This phenomenon of lead compensation for low tracking bandwidth is further
evident from the Bode gain plots shown in Fig. 9 for the FEX/V, response with the centralized

controller and the FE'X/FEXC, FEX./V and FEX/V, responses with the optimized controller
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partitioning (A = 0). In Fig. 9, the Bode gains of FEX,/V, and FEX/FEX_ do not exactly
add up to the Bode gains of FEX/V, for the partitioned subcontrollers because the FEX J/FEX,
response is only for the engine subsystem and does not account for the effect of thrust vectoring

(u,) on the FEX response.

As previously discussed, there is a minimum z,, command tracking bandwidth which must be
provided by the partitioned engine subcontroller for independent validation of the engine subsystem
and performance robustness of the integrated system, and there is an upper limit on the achievable
bandwidth imposed by actuator and stability robustness constraints. Some “lead” in the interface
variable command z.,, generated by the airframe subcontroller is desirable to compensate for the
limited bandwidth engine subsystem. Nevertheless, large “lead” is undesirable as it can result in
quick saturation of the engine actuators because of command magnification. The effect of varying
the user specified weights (J; in equation (2)) in the controller partitioning optimization procedure
to address the trade-off between lead and bandwidth is demonstrated by the plots of the Bode
gains of the FEX/FEX_ responses shown in Fig. 7. As is seen there, the FEX command tracking
bandwidth achieved by the optimized engine subcontroller increased as A was increased. The closed-
loop system performa,ncg pf the optimized partitioning with A = 0.05 for step V. closely matched
the performance with the centralized controller as shown in Fig. 10 (note that the scales in Fig. 10
are different from those in Fig. 4). The airframe subcontroller obtained from the A = 0.05 optimal
partitioning also provided small lead in the FEX command, as is seen from Fig. 11, and the FEX
command tracking bandwidth of 20 rad/s (from Fig. 7) for the corresponding engine subcontroller
was within the engine actuation limits. The state-space matrices for these airframe and engine

subcontrollers are listed in the Appendix.

With the optimized controller partitioning for A = 0.05 as a baseline, the possibility of reducing
the order of the partitioned subcontrollers was investigated. The engine subcontroller was reduced
to 41 order by residualization of the three high frequency modes without any loss of performance.
Through the use of internally balanced reduction techniques [ 10 ], the airframe subcontroller was

reduced to 6" order (from the original 10'" order) without excessive mismatch in the controller

16



transfer matrix characteristics as is seen from the full and reduced order airframe controller singular
values comparison in Fig. 12. This reduced order airframe subcontroller did, however, exhibit de-
terioration in closed-loop performance as shown in the V and g, response comparison plots for step
V. in Fig. 13. The controller partitioning optimization procedure was performed with A = 0.05 and
with optimization over only the airframe subcontroller parameters (the engine subcontroller was
fixed to the reduced 4'® order controller). The response obtained with the optimized reduced order
airframe subcontroller for step V. is also shown in Fig. 13. Note that the optimized subcontroller
provides improved tracking of the velocity command. Although, as can be seen from Fig. 13, the
transient in g, is larger in magnitude for the optimized reduced order subcontroller than for the
initial reduced order airframe subcontroller, the transient is of significantly shorter duration and
the pitch variable quickly settles down to the zero commanded value. The state-space matrices
for the optimized reduced order subcontrollers are listed in the Appendix. These results demon-
strate the potential for using the controller partitioning procedure in conjunction with controller
order reduction techniques to obtain the simplest (lowest order) partitioned subcontrollers that will

provide adequate integrated system performance.

The results presented so far have focused on comparing the performance achieved with the op-
timized partitioned subcontrollers with that achieved with the centralized controller. Robustness
issues are also of importance in practical control design. Robustness analysis was performed using
structured singular values for gain and phase variations occuring in the controlled outputs. The
results are shown in Fig. 14 for the centralized controller, the optimized full order partitioned sub-
controllers corresponding to A = 0.05 and the optimized reduced order subcontrollers.The procedure
for creating the interconnection matrix to perform gain and phase margin robustness analysis using
structured singular values is documented in Ref. [11 ] and other references listed therein. From
Fig. 14 the stability margin parameter p corresponding to the maximum over frequency of the
structured singular values is 1.37 for the centralized controller and 1.43 for the full and reduced or-
der optimized partitioned subcontrollers. These values of x translate into guaranteed multivariable

gain margins of —4.8 dB to 11.4 dB and —4.6 dB to 10.5 for the closed-loop system with the cen-
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tralized and partitioned subcontrollers respectively, and similarly guaranteed multivariable phase
margins of £42.8 and +41.0 deg, respectively, for simultaneous gain or phase variations occuring
in all loops at the controlled outputs. These results indicate that the robustness characteristics of

the centralized controller are maintained by application of the parameter optimization approach.

CONCLUSIONS

A parameter optimization framework was presented to solve the problem of partitioning a
centralized controller into a decentralized, hierarchical structure suitable for integrated flight/
propulsion control implementation. A cost function to be minimized was formulated such that
the “equivalent” centralized controller assembled from the “optimized” partitioned subsystem con-
trollers will closely match the performance and robustness of the closed-loop system with the
centralized controller while maintaining the desired characteristics of the controller partitioning
structure. An analytical gradient based optimization algorithm was developed and applied to con-
troller partitioning of an integrated flight/propulsion control design for a modern fighter aircraft
in the longitudinal short approach to landing task. The optimization of the partitioned subcon-
troller state-space parameters resulted in improved performance over an initial partitioning and
close matching of the performance with the centralized controller. The ability of the optimization
toraddress the subsystem control structure requirement of an adequate command tracking band-
width for the propulsion subsystem by varying scalar weight parameters in the cost function was
demonstrated for the example study. It was shown that by judicious use of the partitioning opti-
mization procedure in conjunction with model reduction techniques, simplified low-order subsystem
controllers with a desired structure can be obtained that match the performance and robustness

characteristics of a high-order centralized controller.
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APPENDIX

The data matrices and initial partitioning matrices for the controller partitioning example are listed below. In all cases
the given matrices A, B, C and D correspond to the state-space representation of the given system or subsystem

dx
E—-AX'FBy
u=Cx+ Dy.

These matrices will be given in the form

42

if space allows or will be written out individually if the former is too large.

The integrated airframe propulsion system with integrator augmentation is represented by

_440E-? 360E-? —385E+. —3.18E*! 140E-? 3.14E~* 259E-%* 381E?
_9097E-1 _446E-1 194E*? —459E+0  519E-* —157E-S —2.10E-%  1.82E~*
_300E-3 151E-? —104E-! —481E-% 256E- 946E-7 374E-7  3.66E"
0 0 1.O0E+? 0 0 0 0 0
142E-1 —9.89E-1 0 9.00E+2 0 0 0 0
778E-1  154E-1 0 0 _848E~? —4.19E*0  6.02E+® —343E+?
Ag=| 151E-1 3.00E-? 0 0 _165E-2 4926E-! —570E+° 271E
793E-1  157E-! 0 0 _380E-1  92.20E-! 115E-! —9.02E*
~1.00E-! —199E-2 0 0 109E-2  3.74E-? —103E-! —T95E+°
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
L 0 0 0 0 0 0 0 0
9.05E-3  171E-! —102E+! 6.91E*® _4.18E31
_995E-6 GATE-S —146E-2 T.10E-3® —545E*0
967E-S  975E-* 533E-3 —8.38E-% —7.97E~!
0 0 0 0 0
0 0 0 0 0
L16EH  7.34E+? 0 0 0
103+ 2.68E+2 0 0 0
B47TE-1 9.06E+L _—2.15E+3 —258E+3 0
—1.06Et®  8.21E*? 0 0 0
0 _1.00E-2 0 0 0
0 0 —1.00E-2 0 0
0 0 0 _1.00E-? 0
0 0 0 0 —1.00E-2]
-0 0 0 0 7
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 00 0 0
0 0 0 0 0000
Be=| 0 0 0 0 Dg =
0000
0 0 0 0 SO
0 0 0 0
0 100E¥® 0 0
0 0 100E* 0
0 0 0 1.00E*
(100840 0 0 0o |

19



OO OO

—8.53E!

-5.38E~2
1.21E-3
—8.20E°©
450E73
3.17E73
—2.20E*2

[ce= I e R com [ o
SO O OO

5.68E~!

—247E*t ...

—9.87TE+!
—2.86E+1
—8.94E~*
-2.72E-1
8.23E+0
9.88E+0

—1.02E%!
~1.46E-2
5.33E-3

0

0

0

0
—2.15E13

0
4.16E-!
3.64E1°
~1.25E+2
—1.37E+?

[ come [ cm i <o
[ I e [ e i

489E-% 9.70E-3 0 0 0 0 0 0
0 0 1.7T1EtY 1.71E*° 0 0 0 0
Ce = 0 0 0 0 0 1.74E-3 0 0 -
0 0 0 0 0 0 0 2.04E!
121E-% 240E-5 0 0 1.20E-3 3.45E-% 231E-% 3.15E°3
0 0
0 0
0 0
0 0
1.92E-% 147E-3
The centralized controller has state-space representation
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—2.14E-! 1.06E~? -233E%!
276E-2 4.16E-!'  3.64E1C
327E-?2 -358E-! 431Et°
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1.05E~2 6.63FE~% 1.16Et® 447E-1
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The initial partitioning consisted of and airframe controller with representation SK 4¢ of order 10 and an engine controller
with representation SK g of order 7. The initial partitioning was obtained by the procedure of reference [ 2]. This partitioning
is not in the minimal parameter form. These are split because of their size.
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The initial engine controller is represented by
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The parameter optimization algorithm for controller partitioning was applied to the problem with the starting matrices

SKao and SKgq listed above. The controllers obtained from this process had state-space representations SK 4., for the

airframe and SKg,p: for the engine.
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The optimized engine controller has state-space representation
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Residualization of high frequency modes was applied to the optimized engine controller to reduce it to one with order 4.

Balanced model reduction was applied to the optimized airframe controller to reduce it to one of order 6. The optimization

procedure was applied to this sixth order subcontroller with the engine controller fixed at the one of fourth order. The

resulting reduced order optimized airframe subcontroller is
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Figure 12.—Singular values of the airframe subcontroller for
controller partitioning with A = 0.05 - full {10) and reduced (6)
orders.
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